Here we describe the development of a bienzymatic biosensor that simplifies the sample pretreatment steps for insecticide detection, and enables the highly sensitive detection of phosphorothionates in food. These compounds evolve their inhibitory activity towards acetylcholinesterases (AChEs) only after oxidation which is performed in vivo by P450 monooxygenases. Consequently, phosphorothionates require a suitable sample pretreatment by selective oxidation to be detectable in AChE based systems. In this study, enzymatic phosphorothionate activation and AChE inhibition were integrated in a single biosensor unit. A triple mutant of cytochrome P450 BM-3 (CYP 102-A1) and Nippostrongylus brasiliensis AChE (NbAChE) were immobilized using a fluoride catalyzed sol-gel process. Different solgel types were fabricated and characterized regarding enzyme loading capacity and enzyme activity containment. The enzyme sol-gel itself already proved to be suitable for the highly sensitive detection of paraoxon and parathion in a spectrometric assay.
concentration was determined by CO-difference spectroscopy (absorption at 450 nm minus absorption at 490nm) using an extinction coefficient of 91 mM -1 cm -1 (Omura and Sato, 1964) . The specific activity of the purified enzyme was calculated from the molar activity and the concentration and ranged usually around 2.0 U/mg. For NbAChE encapsulation, the supernatant resulting from the Pichia pastoris expression was directly used without further purification steps. Molar NbAChE activities were determined by the Ellman test (Ellman et al., 1961) , and NbAChE concentrations were calculated from the molar activities and the specific activity of the free enzyme (2080 U/mg) (Hussein et al., 1999) . When both enzymes were immobilized in the same sol-gel, the enzyme solutions were mixed prior to their addition to the sol suspension. All working steps with P450 BM-3 were performed at 4°C, in case of NbAChE at room temperature. Enzyme immobilization was carried out on the basis of a previously described encapsulation technique for P450 BM-3 with slight modifications (Maurer et al., 2003) . Briefly, 1 mL PBS (50 mM, pH 7.5) containing 20 % (w/w) polyethylene glycol 6000 and 2.5 mL enzyme solution were mixed and then added to 5 mL of stirred tetraethoxy silane (TEOS). After 3 min, 250 µL of NaF (0.2 M aqueous solution) were added and stirring was continued for 15 min before pouring the suspension on a petri dish. After complete polymerisation, the resulting white powder was washed several times with a PBS (50 mM, pH 7.5) to remove nonimmobilized enzyme. After each washing step, the enzyme activity in the obtained wash water fraction was determined and washing was continued until no activity was detectable. In case of P450 BM-3 also the concentration of the wash fractions was measured by CO difference spectroscopy. Drying of the sol-gel was performed by lyophilization over night. The enzyme loading of the sol-gel was determined by subtracting the amount of out-washed enzyme from the initial enzyme quantity that was used for immobilization.
Inhibition of free and sol-gel immobilized NbAChE
Free as well as sol-gel entrapped NbAChE (2.5 mg and 5 mg sol-gel) were incubated for 30 min at room temperature with different paraoxon concentrations in a cuvette as reported previously, and subsequently the remaining activity was measured by the Ellman test (Schulze et al., 2004) . The inhibition was calculated as AChE inhibition
[%] = ((a 0 -a i )/a 0 ) x 100. (a i = activity after incubation with insecticide, a 0 = activity after incubation without insecticide). In case of immobilized NbAChE, the Ellman reaction mixture was pumped in a closed loop in a flow through set-up (total volume 4 mL),
consisting of a reaction tube, a syringe filter (0,4 µm diameter), a flow through cuvette (volume 100 µL) and a pump, connected to each other by tubes. The upstream filter prevented the sol-gel particles from being washed into the cuvette where the absorption change of the solution was monitored.
Activation of parathion by sol-gel immobilized P450 BM-3
Different amounts (5 -50 mg) of P450 BM-3 sol-gel were added to 900 µL of a PBS (50 mM, pH 8.15) containing different parathion concentrations, and the suspension was mixed for 5 min at room temperature. Subsequently, 100 µL of an aqueous NADPH solution (5mg/mL) were added and mixing was continued for either 40 min or 80 min. The suspension was then centrifuged and the supernatant was used for NbAChE inhibition tests as described above.
Production of biosensors by screen-printing technique
As reported previously, glutaraldehyde AChE sensors can be made by screenprinting (DEK 249; DEK, Weymouth, UK) an AChE containing HEC solution on thick film electrodes, followed by exposure to glutaraldehyde vapor (Bachmann and Schmid, 1999) . According to this procedure, the basic transducer was fabricated by consecutively screen-printing silver conducting lanes, carbon basal pads, an isolation layer, a Ag/AgCl layer, and a 7,7,8,8-tetracyanoquinodimethane (TCNQ) graphite layer on a PVC sheet. TCNQ graphite was made by evaporating a suspension of TCNQ and T-15 graphite in acetone. In the present study, different methods employing the sol-gel technique were used for the fabrication of the enzyme layer.
Method 1: Based on a protocol from Guo and Guadeloupe (Guo and Guadalupe, 1998 ), a sol-gel paste was made by stirring thoroughly AOT : PBS (50 mM, pH 7. min, and the pastes were screen-printed on the TCNQ graphite layer. The optimal sol-gel ratio in the HEC solution was found to be 26 % (w/w). Exceeding this value made the mixture too viscous to be printed. Method 4: The sensor was constructed corresponding to method 3 with the following modifications: The mesh aperture of the screen that was used for sol-gel printing was 249 µm (45 µm in case of methods 1-3).
The sol-gel ratio suspended in the HEC solution was varied from 13 -36 % (w/w) and the HEC ratio of the HEC solution itself was varied between 1 -3 % (w/w). A paste consisting of 20 % sol-gel in 1 % HEC was found to be the optimum, giving a homogenous sol-gel layer.
Biosensor measurement
All sensor experiments to determine the NbAChE activity were carried out in 5 mL of a stirred PBS (10 mM potassium phosphate, 50 mM NaCl, pH 7.5) at room 
Storage stability
The fabricated sensors were stored at 4°C in petri dishes without the addition of drying agents. In order to test the storage stability, inhibition experiments were performed once a week after the fabrication, each time with another sensor. The used parathion concentration was 20 µg/L and the incubation time was 1 h at room temperature.
Results and discussion

Sol-gel immobilization
Different sol-gels containing just one enzyme as well as coimmobilisates, entrapping both enzymes in the same matrix, were prepared. Since the sol-gel particles disturbed the absorption measurement in the spectrometric activity tests, the activity of the sol-gel encapsulated enzymes was measured using a flow through system.
The total activity in the enzyme solution that was used for the encapsulation experiment will be called initial activity in the following. Three different NbAChE solgels were prepared using an initial activity of 5 U, 50 U and 250 U. Best results were obtained with 50 U, yielding an activity of 1.06 ± 0.03 U/g sol-gel . A 10-fold decrease of the initial activity to 5 U resulted in an approximately proportionally lowered sol-gel activity of 0.16 ± 0.01 U/g sol-gel . In contrast, starting with 250 U did not lead to a significant improvement. The examination of the wash water in this case showed that nearly all enzyme was washed out. Two different enzyme concentrations were used in the production of P450 BM-3 sol-gels. An increase of the initial activity from 6 U to 9 U resulted in a proportional rise of the sol-gel activity from 0.24 ± 0.01 U/g sol-gel to 0.39 ± 0.02 U/g sol-gel .
Two types of coimmobilisates were fabricated using the same initial NbAChE activity of 50 U for both, but different P450 BM-3 amounts. Coimmobilisate type 1 was prepared with an initial P450 BM-3 activity of 9 U. The NbAChE activity in the resulting gel was found to be 0.82 ± 0.06 U/g sol-gel and the P450 BM-3 activity was 0.16 ± 0.02 U/g sol-gel (ratio 5 :1). The activity of both enzymes was thus slightly lower than in the single enzyme sol-gels. This may be due to saturation effects, since the wash water examination showed increased enzyme loss. The encapsulated enzyme amounts were determined to be 5.6 pmol/g sol-gel NbAChE and 667 pmol/g sol-gel P450
BM-3 (ratio 1 : 119). In order to increase the P450 BM-3 to NbAChE activity ratio in the sol-gel, an initial P450 BM-3 activity of 90 U was used for the fabrication of coimmobilisate type 2. The resulting NbAChE activity in the sol-gel was determined to 0.32 ± 0.04 U/g sol-gel and the P450 BM-3 activity to 0.70 ± 0.05 U/g sol-gel (ratio 1:2.2). The gel contained 2.2 pmol/g sol-gel NbAChE and 2920 pmol/g sol-gel P450 BM-3 (ratio 1 : 1327). Corresponding to the large P450 BM-3 amount that was used for the production of coimmobilisate type 2, a high enzyme ratio was removed in the washing steps. Since no significant decrease of the specific activity was observed, out-washed P450 BM-3 was recycled by filtration and purification. The enzyme solution was then concentrated to the desired value and again used for immobilization. In this manner, three cycles could be performed before a loss of the specific P450 BM-3 activity was observed.
Paraoxon detection by sol-gel immobilized NbAChE in a spectroscopic assay
Inhibition tests were performed with suspensions of two different NbAChE sol-gels (NbAChE activity 1,06 U/g sol-gel and 0,16 U/g sol-gel ) and compared to the inhibition of free NbAChE. As can be seen in figure 2, entrapped NbAChE showed a similar sensitivity towards paraoxon as the free enzyme. The mean inhibition ratio (inhibition of immobilized / free enzyme) using the sol-gel of higher activity was 66 %. In case of the other sol-gel, 90 % average inhibition was achieved. This gel showed also the higher sensitivity towards paraoxon at lower concentrations (between 0 µg/L and 10 µg/L). The detection limit, defined as signal to noise ratio greater 3, was 1 µg/L in this case, thus the same as obtained with the free enzyme. Using the sol-gel with the higher NbAChE content, the detection limit was determined to be 5 µg/L. Altstein et 
Parathion activation by sol-gel immobilized P450 BM-3 in suspension and subsequent insecticide detection in a spectroscopic assay
The ability of encapsulated P450 BM-3 to convert parathion to paraoxon was tested by subsequent AChE inhibition experiments. The P450 BM-3 sol-gel, prepared with 9
U initial P450 BM-3 activity, was therefore incubated with parathion and NADPH.
After incubation, a defined amount of the supernatant was used for NbAChE inhibition experiments as described for paraoxon. An incubation time of 40 min and a sol-gel amount of 50 mg/mL reaction volume were found to be the optimum for the conversion. Figure 3 shows the resulting calibration curve compared to the curve that was obtained when paraoxon was directly used for NbAChE inhibition. The transformation efficiency for the parathion conversion (average ratio of inhibition caused by paraoxon and pretreated parathion) was calculated to be 77 %. The detection limit was in both cases 1 µg/L of insecticide, indicating a quasi quantitative oxidation of parathion at low concentrations. To our knowledge, this is the first protocol demonstrating parathion activation by sol-gel immobilized cytochrome P450. Navaz Diaz and Peinado achieved detection limits ranging from 13.9 to 57.6 mg/L for several non-activated phosphorothionates using an AChE sol-gel (Navaz Diaz and Ramos Peinado, 1997) . This means the sensitivity is 3 to 4 orders of magnitude lower than in the work presented here and can be explained by the lower reactivity of the P=S group of phosphorothionates (Fukuto, 1990) . The results thus demonstrate the requirement of phosphorothionate activation for a highly sensitive detection as it was achieved in this study by using P450 BM-3.
Biosensor fabrication
To achieve mild conditions during P450 BM-3 immobilization we investigated the usage of sol-gel procedures that employ non-acidic catalysts. Enzyme containing solgel pastes were screen-printed on thick film electrodes (Bachmann and Schmid, 1999) , following two different strategies. On the one hand, a paste containing a freshly prepared sol solution was printed, according to a procedure from Guo and Guadaloupe (Guo and Guadalupe, 1998) (method 1). In order to test the operational stability of the produced electrodes, 5 consecutive measurements were performed.
The decrease of the current signal (figure 4) was in accordance with the observation that the sol-gel layer was washed away from the electrode. The second strategy was to screen-print a paste containing completely polymerized sol-gel powder. In a one step procedure, a mixture of sol-gel, TCNQ graphite and HEC solution was printed (method 2). However, the electrodes showed the same operational instability as the sensors fabricated according to method 1. In a two step protocol (method 3), the TCNQ graphite layer was made first and a suspension of the sol-gel in HEC solution was printed in a second step. The sensor showed a stable current signal ranging at about 50 nA in case of full AChE activity (U) and 1mM acetylthiocholine. This is in the range of biosensors with glutaraldehyde crosslinked AChE, which reached current outputs of about 100 nA (Bachmann and Schmid, 1999) . In an alternative protocol (method 4), the amount of sol-gel that was deposited on the electrode was increased by employing a screen with a larger mesh aperture, yielding a stable current signal ranging at about 160 nA (sol-gel used: coimmobilisate 2).
P450 BM-3 sol-gel screen-printing protocols have not been reported so far. Usually, acidic conditions are used for the immobilization of biomaterials that are known for their robustness (Albareda-Sirvent and Hart, 2002; Wang et al., 1996) . In our study, encapsulation of the enzymes was performed under mild pH conditions. Another difference to reported methods is that they are usually one step procedures.
According to these, the biocomponent is mixed into a sol and the viscous suspension is printed, formation of the polymer matrix then mainly occurs on the electrode surface. The herein described technique is a two step procedure where encapsulation and printing are separated. The major disadvantage of this method is the time and work intensity. On the other hand, the presented mode offers two big advantages compared to one step protocols and it is, to our knowledge, unique in literature. First, the properties of the entrapped biocomponent can be completely characterized prior to printing, as this study exemplifies. The technique can therefore easily be extended to other biomaterials. Second, screen-printing P450 BM-3 in a HEC solution led to deactivation of the enzyme, due to the shearing in the process.
Employing method 4 gave electrodes that were useful for parathion detection (see below). This suggests that the completely polymerized sol-gel matrix has an strongly protecting effect.
Paraoxon detection by the NbAChE biosensor
Inhibition tests with paraoxon were performed using electrodes fabricated by method 3 and the results were compared to those obtained with the sensor that was produced by crosslinking AChE with glutaraldehyde (Bachmann and Schmid, 1999) (see figure 5) . In both cases the detection limit, defined as signal to noise ratio greater than 3, was 1 µg/L paraoxon (3,6 nmol/L). Various sol-gel AChE sensors have been reported using different sensor systems and experimental conditions.
Andreescu et al. produced an amperometric sensor by dropping an AChE containing
sol suspension on a screen-printed thick film electrode (Andreescu et al., 2002).
They described a detection limit, defined as 20 % AChE inhibition, of 7 µg/L (24 nmol/L) for paraoxon. Doong observed 30 % inhibition at a paraoxon concentration of 149 µg/L (0,54 µmol/L) using a fiber optic AChE sol-gel sensor (Doong and Tsai, 2001 ).
Parathion detection by the bienzyme biosensor
When a mixture of NbAChE sol-gel (1.06 U/g sol-gel ) and P450 BM-3 sol-gel (0.39 U/ solgel ) was used to produce sensors following method 3, no inhibition was observed with a parathion concentration of 1000 µg/L. By contrast, a sensor that was made with coimmobilisate type 1 yielded an 20 % inhibition at a concentration of 1000 µg/L and an incubation time of 60 min. Using the same parameters for coimmobilisate type 2 resulted in 60 % inhibition with 1000 µg/L. Biosensors that were constructed with coimmobilisate type 2 according to method 4 yielded an inhibition of 20 ± 2 % after 30 min incubating with 20 µg/L parathion. When incubated for 1 h, the inhibition value increased to 37 ± 3 %. Contrary to these findings, incubating 90 min did not lead to further improvement, probably due to inactivation of P450 BM-3. Adjusting an incubation time of 1 h, the detection limit was determined to be 10 µg/L (figure 6). In theory, the less NbAChE is entrapped, the less paraoxon has to be converted by P450 BM-3 to cause significant inhibition. It was therefore expected that the ratio of the two encapsulated enzymes would have the biggest influence on the inhibition.
However, an increase of the ratio of the P450 BM-3 to NbAChE activity by a factor 10 just yielded a three times higher inhibition value. On the other hand, the most important factor turned out to be the total sol-gel amount, meaning the total enzyme quantity on the electrodes. Yet, we assume that only a locally enhanced paraoxon concentration near the electrode surface is produced. Consequently, the less diffusion barriers between the two enzymes exist, the higher is the possibility that a generated paraoxon molecule can hit the NbAChE before diffusing away from the electrode surface. This assumption can explain the better results obtained with the coimmobilisate, since the enzymes are located in the same matrix and so less diffusion barriers are between them.
To our knowledge this paper describes the first AChE inhibition based biosensor that integrates phosphorothionate activation on the biosensor. It has been demonstrated that these insecticides have a low inhibitory effect on AChE and are thus difficult to detect by AChE based biosensors (Barber et al., 1999; Jeanty et al., 2001; Jokanovic, 2001; Navaz Diaz and Ramos Peinado, 1997; Schulze et al., 2004) .
Jeanty et al. observed a 1000-fold lower toxicity of phosphorohionates towards AChE compared to their oxidized homologues (Jeanty et al., 2001) used 2910 µg/L at 37 °C and an incubation time of 60 min, resulting in an inhibition of 10 % (Barber et al., 1999) . The sensitivity that was obtained in the present work thus means a 100-fold improvement. The detection limit achieved for parathion lies in the range of thresholds obtained for paraoxon by AChE systems reported elsewhere (Andreescu et al., 2002; Doong and Tsai, 2001) .
Storage stability
The robustness of NbAChE was previously observed and the storage stabilities of biosensors range from days up to more than a year depending on the origin of the AChE [data not shown]. Regarding AChE sol-gel sensors, a lifetime of more than 6 months at -20°C under vacuum is reported (Andreescu et al., 2002) . However, the more fragile P450 BM-3 is the limiting factor in case of the bienzymatic sensor described here. The half life of P450 BM-3 in solution was described to be 26 days at 4 °C and just 2 days at room temperature (Maurer et al., 2003) . The storage stability of the presented sensor at 4 °C was examined by determination of the AChE inhibition value caused by 20 µg/L parathion, in order to monitor both enzymes. The results show only a slight decrease of the inhibition during 4 weeks (figure 7). The starting value was an AChE inhibition of 37 %, while at the end still 31 % (84 % of the starting value) were achieved. These results are comparable to the storage stability determined by the pNCA assay that is reported for sol-gel entrapped P450 BM-3 (Maurer et al., 2003) .
Conclusion
This publication describes an AChE inhibition based biosensor that integrates enzymatic phosphorothionate activation, enabling the direct and sensitive detection of this type of insecticides. Parathion, a prevalent food contaminating phosphorothionate, could be detected at a concentration of 10 µg/L, which is the pesticide threshold in infant food set up by EC regulations and about 100 times more sensitive than commonly described for AChE sensors. In addition, the developed test with an incubation time of 1 h and an overall test time of about 2 h is faster than conventional phosphorothionate detection using chromatographic methods that require about one day. The presented sensor can be produced in a high throughput mode, since all steps of the fabrication including enzyme deposition are performed by the semi-automated screen-printing technique. The mild encapsulation conditions and the protecting role of the polymer matrix in the printing process make this fabrication procedure particularly attractive for fragile biomaterials. Finally, the elimination of sample pretreatment, combined with the good storage stability seem to us as major properties towards biosensor commercialization and application for field measurements of hazardous food contaminants.
Legends to Figures
Figure 1:
Illustration of the reaction sequence, exploited in this study, used for the detection phosphorothionate type insecticides by AChE inhibition. The toxicity of these compounds in vivo is based on P450 monooxygenase action following analogous mechanisms (Chambers and Levi, 1992; Fukuto, 1990) . Operational stability of AChE sol-gel biosensors fabricated by three different methods (initial activity of 50 U applied for sol-gel immobilization in case of methods 2 and 3).
Five consecutive measurements were performed with each electrode (n=2). Calibration curve for parathion using the sol-gel bienzyme biosensor (incubation time 1 h, n=3). The sensor was produced by method 4 using coimmobilisate type 2. 
